Abstract. In order to meet the requirements of tasks in the complex space environment, we designed a kind of 7 degrees of freedom redundant space manipulator in this paper. Its 3D modelling is based on SolidWorks 2015. The joint coordinate system of redundant space manipulator is described with the Denavit-Hartenberg (D-H) method. And the kinematic model is established. The direct kinematic equations of redundant space manipulator are derived by the homogeneous coordinate transforming matrices. The workspace is simulated and analysed using the Monte Carlo method. The experimental results showed that the workspace of 7 degrees of freedom redundant space manipulator, which was designed in this paper, changed smoothly. What's more, it had not the abrupt phenomenon, and the independent part is bigger. Thus it verifies the rationality of our designing about the redundant space manipulator. It provides a good reference for the path planning and obstacle avoidance planning.
Introduction
With the development of the aerospace industry, the space exploration is more and more increasing. The appearance and application of space manipulator is very important for the space on-orbit service, especially about the safety and economy [1] [2] [3] . The redundancy of space manipulator improves its flexibility. It can well avoid the singularity and obstacle [4] . At the same time, it brings difficulty to the design and workspace analysis. With the redundant degree increasing, it is more difficult. Now the research of redundant space manipulator is still in an exploration stage. The design and workspace analysis is not clearly solved [5] . The design of a redundant space manipulator with a high working space and independent space is always a hot and difficult problem [6] .
In the year of 1975, Roth B presented the concept of workspace firstly [7] . When the each joint of manipulator moves, it refers to a set of all the points that the end effector can achieve. The workspace represents the spatial working extent of redundant space manipulator. It is not only an important kinematic index about its flexibility, but also an important reference for the design and motion planning [8] . There are a lot of methods for solving the problem of workspace, including the graphic method [9] , numerical method [10] , analytical method [11] , simulation method [12] and synthetic method [13] . In a real world application, each of these approaches has advantages and disadvantages. The graphical method is simple and intuitive, but it is only suitable for the 3 degree of freedom and above [14] . The numerical method is more useful, while the calculation is relatively large [15] . The analytical method is relatively complex, and it is not used in the practical application [16] . The simulation and synthetic methods are useful, but the process of debugging is complex [17] .
A class of human redundant manipulator is as a research object in this paper. Firstly, the 3D parts of redundant space manipulator are designed and modelled based on SolidWorks 2015. Secondly, the virtual 3D assembly body is established. Thirdly, it is examined by interference and collision. According to the establishment of virtual 3D assembly body, the kinematic equations are established using D-H method. The workspace of human redundant space manipulator is analysed by the Monte Carlo method based on MATLAB R2013a.
3D modelling of redundant space manipulator
Owing to the flexibility and function, the redundant space manipulator designed in this paper is a kind of human robot arm. It includes a shoulder, upper arm, elbow, wrist, forearm, and end effector. The end effector is like a human hand, which is used to perform the grasping, pulling and lifting. In order to observe the model simply and intuitively, the 3D visualization modelling uses SolidWorks 2015.
Design of structural model
To satisfy the mission requirements of complex space environment, we design a kind of 7 degrees of freedom redundant space manipulator in this paper. There are four common structures, namely S-R-S, U-U-S-A, R-S-S and U-U-S-B. In 1985, J. M. Hollerbach had proved that the structure of S-R-S was the best in the literature [18] . So the structure of S-R-S, also called "3+1+3", has been 
3D modelling based on SolidWorks
In the environment of SolidWorks 2015, the 3D modelling of redundant space manipulator is with the principle of modularization and top-down. First of all, the basic work is the predesign. And then the key work is the design of feature. The core step is to establish the various parts of space manipulator, including the end effector, upper arm, forearm and every joint. Secondly, according to a certain cooperation relationship, the whole machine parts form a virtual assembly. At last, the virtual assembly body is checked by collision and interference. It is used to check the installation position is correct whether or not, to ensure that satisfy the requirements of processing technology. The top-down process of design is as shown in Figure 2 . The main concrete steps of 3D modelling are as follows.
(1) Modelling of parts According to the design of structure model, the sketch is drawn based on SolidWorks. The characteristics are established. And the various parts of redundant space manipulator are 3D modelled. They are as shown in Figure 3 . (2) Build 3D assembly models The assembly refers to a file. The parts, characteristics and other assembly models are assembled according to the certain relationships. In this paper, there are a total of 23 parts to form a redundant space manipulator. A base is as the first assemble accessory. The assemble relations between them include coincidence and concentric. The whole virtual 3D assembly body is as shown in Figure 4 . (3) Interference and collision Due to the complexity of assembly body, it is difficult if only depending on the vision to examine the interference and collision between the parts. Thus, it is examined using the function of interference and collision provided by SolidWorks. This is to check the installation position of the parts in the virtual assembly is correct or nor, to ensure satisfy the conditions of actual processing. In order to observe and analyse the relationship between the various parts, it is generated by the explosion view.
The model of redundant space manipulator has the feature of 3D visualization based on SolidWorks. The 3D model is vividly displayed. We can understand the structure of redundant space manipulator easily and simply. From the whole, it can be had a deeper perception.
Kinematics analysis of redundant space manipulator
The kinematics analysis of redundant space manipulator is the basis of workspace analysis, motion planning and control. It includes forward and inverse kinematics. The
forward kinematics is the higher order differential of position, position variable, velocity and acceleration for time or other variables.
Establishment of kinematic model
In order to analyse the kinematic analysis of redundant space manipulator, the D-H method is adopted to describe the joint coordinate system, and then the kinematic model is established. The D-H method is presented by J. Denavit and R. S. Hartenberg in 1995. It has become the standard method in the robot field [19] .
According to the structural model shown in figure 1 , the kinematic model of redundant space manipulator is established using D-H method. This is used to describe the relationship between these adjacent bars. Where, d1=0.382m d3=0.618m de=0.08m d5=d7=0.309m. The joint coordinate system of redundant space manipulator is as shown in Figure 5 . According to the Figure 5 , the D-H parameters of redundant space manipulator are as listed in Table 1 
Forward kinematics analysis
The forward kinematics analysis of redundant space manipulator is the foundation and premise of other research on the technology of space manipulators. The forward kinematics analysis is a process of the transformation from the joint space to Descartes space. Under the case of known linkage parameters and joint variables, the pose of end effector is solved relative to the reference coordinate system. The general expression of transition matrix between the adjacent coordinate system is as follows [20] :
Where, 
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Finally, the pose of end effector relative to the base coordinate system is obtained. The transition matrix can be expressed as follows: 
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The position vector of end effector relative to the base coordinate system can be expressed as follows: 
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Workspace analysis of redundant space manipulator
The Monte Carlo method is usual for solving the workspace of manipulator. It need rely on the establishment and solution of forward kinematics equation [21] . The workspace of redundant space manipulator can be summarized as a collection of the position vector solutions which are the end effector relative to the base coordinate system.
Overview of Monte Carlo method
The Monte Carlo method, which originated from the famous needle test in the year of 1777, was also called the statistical simulation method. It is based on probability statistics. By using random number (or pseudo random number), it is a kind of method to solve computational problems. It1s advantages are simple, fast and adaptable. It mainly includes three steps as shown in Figure 6 .
Describing the process of probability Probability distribution abstracted Estimated amount established Figure 6 . Three steps
With the development of science and computer technology, the application of Monte Carlo method is becoming more and more extensive. In mathematical computing, it well solves the problems of multiple integrals, differential integral equations, computation of eigenvalues, and nonlinear equation groups. In practical engineering application, it has a great contribution on statistical physics, aerospace technology, information system, public management, and medical science.
Workspace analysis based on Monte Carlo method
The Monte Carlo method for the degrees of manipulator has no limitation. It is suitable for analysing e workspace of redundant manipulator. The method is simple and easy to implement. It omits the complicated process of solving. The calculation speed is faster. The fundamentals are as follows. First, the range of joint angles is set. Then, each joint angle can randomly obtain different value in the corresponding range. At last, the point set to be reached by the end effector is workspace. The detail solving steps based on MATLAB 2013a are described as follows.
(1) The forward kinematic equation of redundant space manipulator is solved by D-H method. The position vector of end effector relative to the base coordinate system can be expressed as the formula (10).
(2) In the range, the random values 0-1 can be generated through the function rand (1, N) . The value of joint angle can be described as follows:
Where, i=1-7, which represents the number of joints.
imin θ , which represents the minimum value of joint angle. imax θ , which represents the maximum value of joint angle.
The values of joint angle obtained from the step (2) are brought into the formula (10) . The point set of end effector can be solved. It can be shown in the graph through MATLAB 2013a. So the workspace of redundant space manipulator is obtained.
All the steps above were performed and simulated on MATLAB 2013a. N=30000, the workspace of redundant space manipulator is as shown in Figure 7 . From the Figure 7 , we can see that the workspace of redundant space manipulator is an oval. It suits the current actual requirement. The whole workspace solved by the Monte Carlo method changes smoothly. What's more, it had not the abrupt phenomenon, and the big hole.
Conclusions
We designed a kind of 7 degrees of freedom redundant space manipulator in this paper. It is to meet the requirements of tasks in space. Its parts and 3D modelling are both based on SolidWorks 2015. According to the 3D modelling, the kinematic model is established with the Denavit-Hartenberg (D-H) method. The position vector of end effector relative to the base coordinate system can be solved. The workspace is simulated and analysed using the Monte Carlo method based on MATLAB 2013a. The experimental results showed that the workspace of 7 degree of freedom redundant space manipulator, which changes smoothly. What's more, it had not the abrupt phenomenon, and the independent part is bigger. Thus it verifies the rationality of our designing and parameter selection about the redundant space manipulator. It provides a good reference for the path planning and obstacle avoidance planning.
